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Non-methane hydrocarbons (NMHCs, C2–C6) have been measured at the Pallas-Sodankylä 
GAW station since 1994. In 2010, evacuated stainless-steel-canister sampling was replaced 
by an in-situ gas chromatograph, and parallel measurements were conducted over the 
period of a year. Results were in good agreement for all other compounds except propene. 
NMHCs at Pallas show a typical seasonal variation, with the highest mixing ratios in winter 
and lowest in summer. Alkanes did not show any clear diurnal variation, but ethene had a 
maximum at midday or during the afternoon in summer. This indicated biogenic sources. 
i/n-Butane and n/i-pentane ratios were higher than those typically found in urban areas or 
in traffic emissions, indicating other sources than these (e.g. wood combustion or natural 
gas) having a strong effect on mixing ratios at Pallas. Trend analysis over twenty years of 
measurements indicated a significant decreasing trend only for ethyne, even though emis-
sions of NMHCs in the European Union (EU) decreased by 50% during this period. No 
trend was found for ozone, either. This indicated that some other source areas than the EU 
must play a significant role at Pallas. This was confirmed by source area estimates, which 
showed that eastern Europe is the main source area for high mixing ratios at Pallas.
Introduction
Non-methane hydrocarbons (NMHC) are 
released into the air from petrol exhaust and 
evaporation, stationary combustion, gas leaks, 
solvent use, etc. Also large amounts of VOCs 
are released into the atmosphere from natural 
sources (Tarvainen et al. 2007). In the air, the 
main sink reaction for NMHCs is that with 
the hydroxyl radical, but for alkenes the ozone 
reaction is also important (Atkinson 1994). In 
addition, NMHCs react with nitrate (Atkinson 
1994, Penkett et al. 1993) and chlorine (Finn-
layson-Pitts et al. 1989) radicals. Atmospheric 
lifetimes of NMHCs are rather long, varying 
from days to months during winter, but being 
much shorter in summer, when there is enough 
light to produce hydroxyl radicals. In winter 
in northern latitudes, NMHCs accumulate and 
maximum concentrations are measured during 
the dark, winter months (Hakola et al. 2006, Sol-
berg et al. 1996). In spring, VOC concentrations 
start decreasing, concomitant with the increase 
in ozone due to efficient photochemical reac-
tions, and minimum concentrations are reached 
in summer.
NMHC reactions with the OH radical can 
result in ozone formation when enough nitro-
gen oxdides are present (Derwent et al. 2003). 
Reductions in the emissions of ozone precur-
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sors in Europe have been followed by a down-
ward trend in episodic ozone-level peaks (Der-
went et al. 2003). However, background ozone 
levels have increased e.g. in Ireland (Simmonds 
et al. 2004). In Finland, ozone concentrations 
increased in the years 1990–2000, although a 
simultaneous decreasing trend was observed in 
the other Nordic countries (Laurila et al. 2004, 
Solberg et al. 2005). Between 1994 and 2007 
mean summer concentrations of O3 showed no 
significant trends at eight Finnish rural sites. 
Summertime peak concentrations increased 
slowly (but significantly) at two northernmost 
stations, while at the other background sites no 
significant trends were detected (Anttila and 
Tuovinen 2010).
Since 1994, light molecular weight hydro-
carbons (C2–C6) have been measured in Finnish 
Lapland at the Pallas GAW (Global Atmosphere 
Watch) station first twice a week using canis-
ter sampling, and then since the beginning of 
2010 using also in-situ on-line gas-chromatog-
raphy. Concentration trends were studied earlier 
(Hakola et al. 2006); in these, the concentrations 
of the fast-reacting species (C5–C6 alkanes and 
ethyne) were found to have decreased by 10%–
40% in 1994–2003, whereas the concentrations 
of the slowly-reacting compounds, ethane and 
propane, showed no change or were increasing 
during the ten years of measurements. Higher 
concentrations of all NHHCs were found in the 
air masses arriving at Pallas from central Europe 
and from Russia, while the marine air masses 
were the cleanest.
This paper we analyse short-term variability 
of the NMHC concentrations measured during 
2010–2012 at Pallas, as well as the trends in the 
NMHCs during twenty years (1994–2013) of 
measurements. We also studied the source areas 
using the data from new in-situ measurements.
Experimental methods
Measurement site
The Pallas station has been part of the Global 
Atmosphere Watch program of the World Mete-
orological Organization since 1994, and is run 
by the Finnish Meteorological Institute (FMI). 
Pallas (67°58´N, 24°07´E) is located in the sub-
arctic region at the northernmost limit of the 
northern boreal forest zone. The station is situ-
ated on a fell-top at an elevation of 565 m a.s.l. 
The vegetation on the fell-top is sparse, con-
sisting mainly of low vascular plants, moss and 
lichen. A more detailed description of the site 
can be found in Hatakka et al. (2003).
Sampling and analysis of NMHCs
From 1994 to 2011, NMHC samples were col-
lected at Pallas into evacuated stainless-steel 
canisters twice a week between 9:00 and 16:00 
and analyzed at the laboratory of the Finn-
ish Meteorological Institute with a gas chro-
matograph-flame ionization detector (GC-FID). 
These measurements are described in detail by 
Hakola et al. (2006).
In-situ measurements of NMHCs started at 
Pallas in 2010 using a Perkin-Elmer thermal 
desorption-gas chromatography system with 
flame ionization detection. The GC system is 
composed of two columns and a heart-cut device. 
The first column is a BP-1 dimethyl polysiloxane 
column (50 m ¥ 0.22 mm ¥ 1 µm) followed by the 
heart-cut device and an alumina/Na2SO4 PLOT 
column (50 m ¥ 0.32 mm). The heart-cut device 
is used to separate the analytes into two frac-
tions; the more-volatile fraction elutes from the 
BP-1 and is directed into the PLOT column for 
further chromatography and detection on FID2. 
After the volatile fraction has passed through 
the BP-1 column, the heart-cut is switched to the 
other position and the later-eluting compounds 
are directed to FID1. The temperature program 
of the oven was 46 °C for 16 min, from 10 to 
170 °C with 5 °C min–1; from 170 °C to 200 °C 
with 15 °C min–1; 200 °C for 6 min. The analysis 
lasted for 47 min. The inlet consists of a heated 
stainless-steel line (temperature 70 °C, length 
5 m, outer diam. 0.25 inch, flow 2 l min–1) con-
nected the station main gas line with a flow of 90 
m3 h–1. After passing a Nafion drier, NMHCs are 
trapped on a Perkin-Elmer Air Toxic Trap held at 
–40 °C. The sampling time is 30 minutes and the 
sampling flow is 20 ml min–1. About every 100th 
sample is a calibration sample (National Physical 
Laboratory, 32 VOC mix at 4 ppb level). The 
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sampling interval varies from one hour to one 
day. Limits of detection (LODs) are calculated 
as three times the standard deviation of blank 
levels and from the signal-to-noise ratio for the 
compounds with no blank. Uncertainties are cal-
culated from partial uncertainties.
Canister versus on-line sampling
During the first year of the in-situ NMHC mea-
surements, parallel canister samples were also 
collected and analyzed. Altogether 50 canister 
samples were taken during daytime at the same 
time with in-situ measurements in 2010. The 
detection limits for the in-situ measurements 
were higher for all compounds (Table 1), and 
these measurements showed somewhat higher 
mixing ratios, but were generally very well cor-
related (Pearson’s correlations) with the canister 
analyses. Propene was the only compound that 
showed a lot of deviation. This may be due to its 
instability when stored in the canisters and the 
high background for the in-situ measurements.
Trend calculations
Linear trends in the concentration time series 
were estimated using a Generalized Least 
Squares (GLS) regression with classical decom-
position and autoregressive moving average 
(ARMA) errors. This advanced GLS-ARMA 
method has been shown to be a powerful tool 
in the identification of even the weakest trends 
in air pollutants (Anttila and Tuovinen 2010). In 
this statistical model, the autocorrelation typi-
cally present in air pollution concentration time 
series is accounted for by iteratively applying an 
ARMA-based correlation structure to the resid-
uals of the fitted linear model. Details of this 
trend analysis method are given in Anttila and 
Tuovinen (2010); here we just summarize the 
procedure.
First, all mixing-ratio data from 1994–2013 
were averaged into monthly means. Missing 
values (only four months of a total of 238 
months) were replaced by the means of the 
previous and following monthly mixing ratio 
values. These monthly time series were then 
deseasonalized by the classical seasonal decom-
position, and a first-order ordinary least squares 
(OLS) regression model was fitted to this desea-
sonalized data.
Following this, the autocorrelation function 
(ACF) of the resulting residuals was calculated 
and an ARMA model was introduced. The order 
of the ARMA model (i.e., the p and q for 
the autoregressive and moving-average process, 
respectively) was determined by minimizing 
the second order Akaike Information Criterion 
(AICc) (see e.g. Brockwell and Davis 2002). The 
parameters of the selected ARMA(p,q) process 
were estimated, together with the coefficients of 
a linear regression, by maximizing the Gaussian 
likelihood. The analyses described above were 
conducted using a ITSM 2000-V.7.3 software (B 
and D Enterprises Inc.).
Table 1. Detection limits of the in-situ and canister analyses of NHMCs in 2010 together with slopes, intercepts and 
correlations (r 2) of 50 parallel canister analyses with in-situ measurements.
 Detection limits (pptv) Slope Intercept r 2
 
 In situ canister
ethane 35 6 0.77 66 0.86
ethene 87 8 0.95 10 0.81
Ethyne 38 20 0.78 –8 0.91
Propane 86 7 0.95 –35 0.95
Propene 69 10
i-Butane 31 8 0.98 –59 0.81
n-Butane 66 7 1.17 –43 0.88
i-Pentane 56 7 0.94 0.9 0.89
n-Pentane 65 7 1.01 –5 0.92
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Source area estimates
To identify the source areas of ambient VOCs at 
Pallas we used adjoint dispersion simulations for 
the hourly-averaged concentrations measured in 
winter in 2010–2012. The method is quite simi-
lar to the one used by Meinander et al. (2013), 
but for the sake of completeness, we describe it 
below.
A qualitative analysis of the origins of air-
borne substances can be done using simple back-
ward trajectories. This approach needs a very 
large number of trajectories to provide reliable 
results. For quantitative assessment in the case 
of limited observational information, so-called 
“footprint” computations can be used (e.g. Prank 
et al. 2010). This approach is based on solving 
the adjoint-dispersion equation for each mea-
surements to obtain a field of sensitivity for 
each observation to a source location in space 
and time: same source located at different points 
would result in different concentrations mea-
sured, and the ratio of the concentrations equals 
to the ratio of sensitivities in these points.
The modeling was performed with SILAM 
(System for Integrated modeLing of Atmo-
spheric coMposition) v5_4. The system uses 
the Eulerian non-diffusive advection scheme of 
Galperin (2000) and the adaptive vertical dif-
fusion algorithm of Sofiev (2002). For a more 
detailed description see Sofiev et al. (2008) and 
http://silam.fmi.fi.
Verification of the model was performed 
within the scope of the EU-GEMS project 
(http://www.ecmwf.int/gems) and is continued 
on a routine basis within EU-MACC (http://
www.gmes-atmosphere.eu).
The SILAM model was driven by ERA-in-
terim (Dee et al. 2011) meteorological fields 
that have a 0.72° spatial resolution. The adjoint 
simulations were performed with a resolution of 
1° ¥ 1° over the domain, with 8 vertical layers 
of thickness varying from 30 m at the surface to 
2000 m over a height range from the surface to 
6 km. The observations in the simulations were 
located at Pallas at a height of 250 m a.g.l., cor-
responding to the hill-top location of the station. 
A passive tracer with source timing correspond-
ing to the original measurements had been used 
for calculations. For each 1-hour-long measure-
ment period, a 4D sensitivity to source location 
in space and time was calculated. Then, for each 
of the species, the surface time-integrated sen-
sitivity fields were grouped with respect to the 
observed concentration into “high”, “medium”, 
and “low” and summed up within each group. 
The margins were taken at approximately the 
10th and 90th percentiles of the observed values 
(Table 2).
Comparison of the sensitivity maps for 
“clean” and “polluted” samples allows one to 
identify the areas that of likely locations of pow-
erful sources. The areas of high sensitivity for 
“clean” samples do not contain persistent pow-
erful sources. Thus the likely source areas can be 
identified as those missing from ”clean” maps, 
but are highly represented in “polluted” ones.
Results
Seasonal and diurnal variation of NMHCs 
in 2012
All compounds showed a typical seasonal vari-
ation, with the highest mixing ratios in winter 
and the lowest in summer, when lifetimes are 
shortest due to higher abundance of OH radi-
cals (Table 3). Summer mixing ratios at Pallas 
were close to the values measured in a very 
clean Arctic area (Hellén et al. 2012), but winter 
mixing ratios were higher (Swanson et al. 2003).
During the winter or spring months, the 
mixing ratios did not show any diurnal variations 
(Fig. 1). This was expected, due to the remote 
location of the site and relatively long lifetime of 
the compounds (Table 3). In July, ethene mixing 
ratios had a clear maximum in the afternoon, 
indicating a biogenic source. Ethene, a growth 
Table 2. Grouping limits for the concentration samples.
 “Low” (pptv) ”High” (pptv)
ethane < 1500 > 3000
Ethyne < 250 > 700
Propane < 700 > 1700
Butane < 200 > 800
i-Butane < 150 > 500
i-Pentane < 100 > 350
n-Pentane < 75 > 250
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hormone, is known to be emitted by vegetation 
(Goldstein et al. 1996).
Ratios of isomeric pairs of NMHCs
The ratios of isomeric pairs (i-butane and 
n-butane or i-pentane and n-pentane) are not 
expected to change during their transport due to 
OH oxidation since the reaction rate constants 
are very similar. Subsets of the data for the 
four seasons showed no obvious change in the 
rations (Fig. 2), indicating that the main sources 
remained the same throughout the year 2012.
The overall i/n-butane ratio for Pallas in 
2012 was 0.59 (coefficient of determination r2 = 
0.99). The mean urban i/n-butane ratio found 
by Hellén et al. (2006) in Helsinki, Finland, 
in 2004 was 0.51. The ratio at Pallas is very 
similar to that at other EMEP stations in Europe 
(Hakola et al. 2006). The i-butane/n-butane ratio 
of monthly mean mixing ratios for the years 
1994–2012 measured at Pallas was higher at the 
end of the 2000s as compared with that during 
the 1990s (Fig. 3). Reconstructed histories of 
NMHCs by Helmig et al. (2014) also showed an 
increase in the i/n-butane ratio for the northern 
hemisphere. The lifetime of n-butane is a little 
Table 3. Limits of detection (LOD), uncertainties (U ) and atmospheric lifetimes (τ, days) in reaction with OH 
radicals, as well as mean winter (Dec–Feb), spring (Mar–May,) summer (Jun–Aug), autumn (Sep–Nov) and annual 
mixing ratios of NMHCs at Pallas in 2012. The concentrations of OH radicals (summer 0.052 pptv and winter 
0.002 pptv) are daytime averages calculated for northern Europe by Hakola et al. 2003.
 loD* U (%) τwinter τsummer Winter Spring Summer Autumn Whole
 (pptv)  (d) (d)     year
ethane 28 4 1074 41 2580 1880 890 1200 1650
ethene** 87 9 28 1.1 370 < loD < loD < loD 130
Propane 52 12 205 8 1500 660 110 420 680
Propene 116 9 8.9 0.3 < loD < loD < loD < loD < loD
i-Butane 17 4 101 3.9 390 120 18 80 150
n-Butane 29 6 93 3.6 670 200 30 150 260
Ethyne 38 10 290 11 500 240 60 140 240
i-Pentane 13 3 60 2.3 280 60 13 60 100
n-Pentane 9 4 59 2.3 220 50 12 50 80
i-Hexane 30 4 42 1.6 51 < LOD < LOD < LOD < LOD
n-Hexane 30 14 42 1.6 48 < LOD < LOD < LOD < LOD
Benzene 21 8 178 6.9 135 60 < loD 50 65
toluene 37 3 39 1.5 63 < loD < loD < loD < loD
* calculated as 3 ¥ SD of blank levels or 3 ¥ signal-to-noise ratio for the compounds with no blank.
** calculated as 3 ¥ signal-to-noise ratio. However, if in chromatograms peaks standing out from the background 
were found for the values below the detection limit, LOD was calculated as 2 ¥ signal-to-noise ratio.
shorter than that of i-butane: in more remote air 
masses, the ratio is thus expected to be some-
what higher, indicating, therefore, more distant 
sources. Increases in this ratio have also been 
explained by chlorine atom oxidation, which is 
50% faster for the n-butane isomer (Hopkins et 
al. 2002). However, halogen atom chemistry has 
only been found to have a major effect in spring 
(Jobson et al. 1994). Different emission sources 
are also a possible explanation for different 
ratios, but compared with the urban ratio of 0.51, 
the ratios for traffic and the distribution of fossil 
fuels and for solvent use are even lower (Hellén 
et al. 2006, Fujita et al. 1995). For commercial 
natural gas emissions, higher ratios of 0.68 and 
0.90 have been found by Fujita et al. (1995) and 
Hellén et al. (2006), respectively.
The overall n/i-pentane ratio was 0.74 (r2 = 
0.96), which is in good agreement with the values 
determined for, e.g., Mace Head (0.74, r2 = 0.95) 
by Yates et al. (2010), and at the Pico Mountains, 
Azores (0.69, r2 = 0.93) by Helmig et al. (2008). 
The pentane ratio remained at the same level 
during 1994–2012 (Fig. 3). The mean urban ratio 
of n/i-pentane determined by Hellén et al. (2006) 
in Helsinki, Finland, in 2004 was 0.51. For traffic, 
a ratio of 0.38 was found, but for evaporated and 
liquid gasoline and for commercial natural gas 
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Fig. 1. Diurnal variation (local winter time) of mixing ratios of ethane, ethene (concentrations are used for samples 
from July; see Table 3) and n-butane at Pallas in January, April and July in 2012.
emissions the ratio was clearly higher (1.1–1.9). 
Also for wood combustion emissions, a higher 
value (0.84) has been found (Schauer et al. 2001). 
This suggests that wood combustion, the extrac-
tion and distribution of fossil fuels or natural gas 
emissions may be the sources of the pentanes 
found at Pallas. Wood combustion has been found 
to be a significant source of VOCs in residential 
areas in Finland (Hellén et al. 2006, 2008).
NMHC and ozone trends
In the trend analysis, small negative slopes were 
detected for most alkanes and benzene, but a 
decreasing trend was significant only for ethyne 
(Table 4). This is not in accordance with recon-
structed NMHC trends for the northern hemi-
sphere, which show a clear downward trend 
(1%–5% year–1) during that period (Helmig et 
al. 2014). According to the EMEP emission 
database (Fig. 4), emissions of NMVOCs also 
decreased in the European Union by over 50% 
during this period. At a rural French site signifi-
cant decreasing trends of benzene and i-pentane 
concentrations were found in the period 1997–
2006 (Sauvage et al. 2009). The persistently 
high levels of mixing ratios measured at Pallas 
indicate that, as compared with the EU area, 
some other sources or source areas dominated 
there. The lifetimes of these NMHCs (Table 3) 
are relatively long, especially in winter, and 
therefore they may have been transported over 
long distances.
Despite the decreased emissions of ozone pre-
cursors in the EU area, the mean ozone concentra-
tion at Pallas also did not show any downward 
trend. Similarly, background ozone levels meas-
ured at Mace Head in Ireland even increased 
during 1987–2003 (Simmonds et al. 2004). How-
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Table 4. Results of the trend analysis of NMHCs and ozone concentrations at Pallas in 1994–2013. Standard errors 
are given in parentheses. *** significant at p < 0.001.
 start months intercept slope change ± 95%ci
   (pptv) (pptv month–1) (% year–1)
Ethane Jan. 1994 238 1552 (75) –0.36 (0.54) –0.3 ± 0.8
Propane Jan. 1994 238 0649 (25) –0.30 (0.18) –0.5 ± 0.7
Ethyne Jan. 1994 238 0392 (21) –0.54 (0.16) –1.6 ± 0.9***
i-Butane Jan. 1994 238 0128 (7.3) 0.004 (0.05) 0.0 ± 1.0
n-Butane Jan. 1994 238 0257 (18) –0.17 (0.13) –0.8 ± 1.2
i-Pentane Jan. 1994 238 0097 (2.5) –0.02 (0.02) –0.3 ± 0.5
n-Pentane Jan. 1994 238 0074 (6.9) –0.03 (0.05) –0.5 ± 1.6
n-Hexane Jan. 1994 215 0023 (1.4) –0.01 (0.01) –0.6 ± 1.2
Benzene Jan. 1994 215 0129 (8.6) –0.09 (0.07) –0.8 ± 1.3
Ozone (ppbv) Mar. 1994 192 0037 (0.7) –0.01 (0.01) –0.4 ± 0.5
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Fig. 4. Officially-reported emissions of non-methane 
volatile organic compounds (NMVOCs) for European 
Union (EMEP database accessed 24 Sep. 2014).
ever, a downward trend of episodic peak ozone 
levels was found in Europe (Derwent et al. 2003). 
The lack of a downward trend in background 
ozone at Pallas is in accordance with the trend in 
background NMHCs.
Source areas of NMHCs
A comparison of “clean” and “polluted” patterns 
of NMHCs clearly shows that air masses coming 
from eastern Europe are more polluted than air 
masses arriving from the other areas (Fig. 5). 
There are several large cities (e.g. Helsinki, St. 
Petersburg and Moscow), which are likely to 
be responsible for the pollution from that area. 
For compounds (butanes and pentanes) with 
a shorter lifetime and therefore a lower back-
ground concentration, the source area is clearer 
than for compounds with higher background 
concentrations (e.g. ethane).
The northern part of central Europe does not 
contribute to higher concentrations. As men-
tioned earlier, emissions of NMHCs in the EU 
decreased by 50% during the studied period 
(Fig. 2). However, this was not the case for 
the concentrations of most of the alkanes at 
Pallas, where concentrations did not decrease 
between 1994 and 2013 (Table 4). This could be 
explained by the fact that the main source area 
for higher concentrations lies in the southeast. 
Increased eastern emissions may explain the 
missing decreasing trends in the NMHC mixing 
ratios.
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Also in an earlier study at Pallas (Hakola et 
al. 2006), the highest concentrations were found 
in air masses coming from the east. However, 
air masses coming from central Europe had 
high concentrations too. Those measurements 
were conducted in 1994–2003 and, as mentioned 
above, emissions in the EU area were decreasing 
during that period.
Conclusions
NMHC mixing ratios have been measured at 
the Pallas-Sodankylä GAW station in northern 
Finland since 1994. From 1994 until 2010, the 
samples were collected in stainless steel canis-
ters and analyzed later in the laboratory. Since 
then in-situ GC-FID has been used. One year of 
parallel measurements of NMHCs showed that 
the canister samples are well-correlated with the 
in-situ measurements.
All compounds showed a typical seasonal 
variation, with highest mixing ratios in winter 
and lowest in summer. A more detailed study of 
the in-situ GC-FID in 2012 did not find any diur-
nal variation of the mixing ratios in winter. In 
summer, all alkanes showed a daytime minimum 
due to faster photochemical reactions, but ethene 
had its highest mixing ratios at midday. This 
indicated its possible biogenic sources.
The seasonal butane and pentane ratios at 
Pallas indicated that the main sources remained 
Fig. 5. The average sensitivities for “clean” (left panel) and “polluted” (right panel) samples.
Boreal env. res. vol. 20 • NMHC concentrations at the Pallas-Sodankylä GAW station 551
the same throughout the year 2012. The i/n-
butane ratio was somewhat higher than in urban 
areas, and has increased since 1994. This may 
indicate that the contribution of wood burning 
and natural gas emissions has increased in rela-
tion to traffic emissions. Another reason for the 
increasing ratio could be that the air masses 
had been transported over longer distances. No 
change of the pentane ratio was found.
Emissions of NMHCs in EU decreased by 
50% in 1994–2012, but this was not reflected 
in the mixing ratios at Pallas. Only for ethyne a 
significant decreasing trend in 1994–2013 was 
found. Despite the decreased emissions of ozone 
precursors in the EU, there was no downward 
trend in ozone at Pallas.
Source area studies of NMHCs indicate that 
the EU is no longer a significant source area 
for NMHCs at Pallas. The main source area is 
located in eastern Europe to the southeast of 
Pallas. Increased eastern emissions may explain 
lack of downward trends in the NMHC mixing 
ratios.
Acknowledgements: “ECMWF ERA-interim” data used in 
this study have been provided by ECMWF. The financial 
support of the Academy of Finland Centre of Excellence 
program (project no. 1118615), Nordic ministry of research 
CarboNord project and Academy of Finland A4 project is 
gratefully acknowledged.
References
Anttila P. & Tuovinen J.-P. 2010: Trends of primary and 
secondary pollutant concentrations in Finland in 1994–
2007. Atmos. Environ. 44: 30–41. 
Atkinson R. 1994. Gas-phase tropospheric chemistry of 
organic compounds. J. Phys. Chem. Ref. Data, Mono-
graph 2: 1–216.
Brockwell P.J. & Davis R.A. 2002: Introduction to time 
series and forecasting, 2nd ed. Springer-Verlag, New 
York.
Derwent R.G., Jenkin M.E., Saunders S.M., Pilling M.J., 
Simmonds P.G., Passant N.R., Dollard G.J., Dumitrean 
P. & Kent A. 2003: Photochemical ozone formation in 
north west Europe and its control. Atmos. Environ. 37: 
1983–1991.
Dee D.P., Uppala S.M., Simmons A.J., Berrisford P., Poli P., 
Kobayashi S., Andrae U., Balmaseda M.A., Balsamo G., 
Bauer P., Bechtold P., Beljaars A.C.M., van de Berg L., 
Bidlot J., Bormann N., Delsol C., Dragani R., Fuentes 
M., Geer A.J., Haimberger L., Healy S.B., Hersbach H., 
Hólm E.V., Isaksen L., Kållberg P., Köhler M., Matri-
cardi M., McNally A.P., Monge-Sanz B.M., Morcrette 
J.-J., Park B.-K., Peubey C., de Rosnay P., Tavolato C., 
Thépaut J.-N. & Vitart F. 2011. The ERA-Interim reanal-
ysis: configuration and performance of the data assimila-
tion system. Q. J. R. Meteorol. Soc. 137: 553–597.
Finlayson-Pitts B.J., Ezell M.J. & Pitts J.N.Jr. 1989: Forma-
tion of chemically active chlorine compounds by reac-
tions of atmospheric NaCl particles with gaseous N2O5 
and ClONO2. Nature 337: 241–244.
Fujita E.M., Watson J.G., Chow J.C. & Magliano K. 1995: 
Receptor model and emission inventory source appor-
tionments of nonmethane organic gases in California’s 
San Joaquin Valley and San Franciscos Bay area. Atmos. 
Environ. 29: 3019–3035.
Galperin M. [Galperin M.] 2000: [The approaches to correct 
computation of airborne pollution advection]. In: [Prob-
lems of ecological monitoring and mcosystem modelling], 
Gidrometeoizdat, St. Petersburg, pp. 54–68. [In Russian].
Goldstein A.H., Fan S.M., Goulden M.L., Munger J.W. & 
Wofsy S.C. 1996: Emissions of ethene, propene, and 
1-butene by a midlatitude forest. J. Geophys Res. 101: 
9149–9157.
Hakola H., Hellén H. & Laurila T. 2006: Ten years of light 
hydrocarbon (C2–C6) concentration measurements in 
background air in Finland. Atmos. Environ. 40: 3621–
3630.
Hakola H., Tarvainen V., Laurila T., Hiltunen V., Hellén H. & 
Keronen P. 2003: Seasonal variation of VOC concentra-
tions above a boreal coniferous forest. Atmos. Environ. 
37: 1623–1634.
Hatakka J., Aalto T., Aaltonen V., Aurela M., Hakola H., 
Komppula M., Laurila T., Lihavainen H., Paatero J., 
Salminen K. & Viisanen Y. 2003: Overview of the 
atmospheric research activities and results at Pallas 
GAW station. Boreal Env. Res. 8: 365–383
Hellén H., Hakola H., Pirjola L., Laurila T. & Pystynen K.-H. 
2006: Ambient air concentrations, source profiles and 
source apportionment of 71 different C2-C10 volatile 
organic compounds in urban and residential areas of 
Finland. Environ. Sci. Technol. 40: 103–108.
Hellén H., Hakola H., Pietarila H., Kauhaniemi M. & 
Haaparanta S. 2008: Influence of residential wood com-
bustion on local air quality. Sci. Tot. Environ. 393: 
283–290.
Hellén H., Leck C., Paatero J., Virkkula A. & Hakola H. 
2012: Summer concentrations of NMHCs in ambient air 
of Arctic and Antarctic. Boreal Env. Res. 17: 385–397.
Helmig D., Tanner D.M., Honrath R.E., Owen R.C. & 
Parrish D.D. 2008: Nonmethane hydrocarbons at Pico 
Mountains, Azores: 1. Oxidation chemistry in the 
North Atlantic Region. J. Geophys. Res. 113, D20S91, 
doi:10.1029/2007JD008930.
Helmig D., Petrenko V., Martinerie P., Witrant E., Röcmann 
T., Zuiderweg A., Holzinger R., Hueber J., Thompson 
C., White J.W.C., Sturger W., Baker A., Blunier T., 
Etheridge D., Rubino M. & Tans P. 2014: Reconstruc-
tion of northern hemisphere 1950–2010 atmospheric 
non-methane hydrocarbons. Atmos. Chem. Phys. 14: 
1463–1483.
Hopkins J.R., Jones I.D., Lewis A.C., McQuaid J.B. & 
552 Hellén et al. • Boreal env. res. vol. 20
Seakins 2002: Non-methane hydrocarbons in the Arctic 
boundary layer. Atmos. Environ. 36: 3217–3229.
Jobson B.T., Niki H., Yokouchi Y., Bottenheim J., Hopper F. 
& Leaitch R. 1994: Measurements of C2–C6 hydrocar-
bons during the polar sunrise 1992 experiment: evidence 
for Cl atom and Br atom chemistry. J. Geophys. Res. 99: 
25355–25368.
Laurila T., Tuovinen J.-P., Tarvainen V. & Simpson D. 2004: 
Trends and scenarios of ground-level ozone concentra-
tions in Finland. Boreal Env. Res. 9: 167–184.
Meinander O., Kazadzis S., Arola A., Riihelä A., Räisänen P., 
Kivi R., Kontu A., Kouznetsov R., Sofiev M., Svensson 
J., Suokanerva H., Aaltonen V., Manninen T., Roujean 
J.-L. & Hautecoeur O. 2013. Spectral albedo of seasonal 
snow during intensive melt period at Sodankylä, beyond 
the Arctic Circle. Atmos. Chem. Phys. 13: 3793–3810.
Penkett S.A., Blake N.J., Lightman P., Marsh A.R.W., Anwyl 
P. & Butcher G. 1993. The seasonal variation of non-
methane hydrocarbons in the free troposphere over the 
North Atlantic Ocean: possible evidence for extensive 
reaction of hydrocarbons with the nitrate radical. J. Geo-
phys. Res. 98: 2865–2885.
Prank M., Sofiev M., Denier van der Gon H.A.C., Kaasik 
M., Ruuskanen T.M. & Kukkonen J. 2010. A refine-
ment of the emission data for Kola Peninsula based on 
inverse dispersion modelling. Atmos. Chem. Phys. 10: 
10849–10865.
Sofiev M. 2002. Extended resistance analogy for construction 
of the vertical diffusion scheme for dispersion models. J. 
Geophys. Res. 107, 4159, doi:10.1029/2001JD001233.
Sofiev M., Galperin M. & Genikhovich E. 2008. A construc-
tion and evaluation of Eulerian dynamic core for the air 
quality and emergency modeling system SILAM. In: 
Borrego C. & Miranda A.I. (eds.) Air pollution model-
ling and its application XIX, NATO Science for Peace 
and Security Series C: Environmental Security, Springer, 
pp. 699–701.
Sauvage S., Plaisance H., Locoge N., Wroblewski A., Cod-
deville P. & Galloo J.C. 2009. Long term measurement 
and source apportionment of non-methane hydrocar-
bons in three French rural areas. Atmos. Environ. 43: 
2430–2441.
Schauer J.J., Kleeman M.J., Gass G.R. & Simoneit B.R. 
T. 2001. Measurement of emissions from air pollu-
tion sources. 3. C1–C29 organic compounds from fire-
place combustion of wood. Environ. Sci. Technol. 35: 
1716–1728.
Simmonds P.G., Derwent R.G., Manning A.L. & Spain G. 
2004: Significant growth in surface ozone at Mace Head, 
Ireland, 1987–2003. Atmos. Environ. 38: 4769–4778.
Solberg S., Dye C., Schmidbauer N., Herzog A. & Gehrig 
R. 1996: Carbonyls and nonmethane hydrocarbons at 
rural European sites from Mediterranean to the Arctic. J. 
Atmos. Chem. 25: 33–66.
Solberg S., Bergström R., Langner J., Laurila T. & Lindskog 
A. 2005. Changes in Nordic surface ozone episodes due 
to European emission reduction in the 1990s. Atmos. 
Environ. 39: 179–192.
Swanson A.L., Blake N.J., Atlas E., Flocke F., Blake D.R. 
& Rowland F.S. 2003. Seasonal variations of C2–C4 
nonmethane hydrocarbons and C1–C4 alkyl nitrates at the 
Summit research station in Greenland. J. Geophys. Res. 
108: 4065–4084.
Tarvainen V. Hakola H., Rinne J., Hellén H. & Haapanala S. 
2007: Towards a comprehensive emission inventory of 
the Boreal forest. Tellus 59B: 526–534.
Yates E.L., Derwent R.G., Simmonds P.G., Greally B.R., 
O’Doherty S. & Shallcross D.E. 2010: The seasonal 
cycles and photochemistry of C2–C5 alkanes at Mace 
Head. Atmos. Environ. 44: 2705–2713.
